In Brief Jadhav, Rothschild et al. show coordinated reactivation of representations related to behavioral experience in the hippocampus and prefrontal cortex during awake sharpwave ripple events. This coordinated reactivation is well suited to support awake memory processes.
INTRODUCTION
The hippocampus and medial prefrontal cortex (PFC) play critical roles in storing accounts of experience and retrieving memories to guide future decisions. The hippocampus is necessary for rapid acquisition of memories for new experiences and retrieval of stored memories during behavior (Squire, 1992; Eichenbaum and Cohen, 2001; Dudai, 2004) . The PFC is important for long-term memory storage, memory retrieval, working memory, and decision making (Hasegawa, 2000; Miller and Cohen, 2001; Sakai, 2003; Wiltgen et al., 2004; Jung et al., 2008; Tse et al., 2011) . Moreover, functional disconnection of the hippocampus and PFC causes impairment in some spatial memory tasks (Floresco et al., 1997; Cai, 2006, 2008) . Together, these findings implicate a set of memory functions that rely on both the hippocampus and PFC, but the specific nature of the activity in and communication between these regions that supports memory processes remains unclear.
In the context of memory retrieval, hippocampal-PFC interaction must occur in the awake state and would be expected to reactivate patterns of activity related to behavioral experiences across both structures (Carr et al., 2011; Yu and Frank, 2015) . Hippocampal sharp-wave ripple (SWR) events have emerged as a potential mediator of this interaction. During exploration, movement along a spatial trajectory drives the firing of a specific sequence of hippocampal place cells (Skaggs et al., 1996; Dragoi and Buzsá ki, 2006) . Subsequently, during periods of slow movement and awake immobility, bursts of activity in hippocampal output area CA1 occur in the context of SWRs (Buzsá ki, 2015) . These bursts often ''replay'' sequences from behavior (Kudrimoti et al., 1999; Foster and Wilson, 2006; Diba and Buzsá ki, 2007; Davidson et al., 2009; Karlsson and Frank, 2009; Gupta et al., 2010; Pfeiffer and Foster, 2013) , suggesting that these sequences could support awake memory processes (Carr et al., 2011) . Consistent with that possibility, selective disruption of awake SWRs is sufficient to cause a specific learning and memory-guided decision-making deficit (Jadhav et al., 2012) . Do hippocampal SWRs mark the time of coordinated memory reactivation across hippocampus and PFC? This question remains to be answered, but there are a number of results that point to the possibility of such coordination. There are multiple anatomical pathways, including both direct and indirect projections (Amaral and Witter, 1995) , that could mediate information flow between the structures. These pathways support memory encoding (Spellman et al., 2015) and modulation of hippocampal spatial firing patterns outside of SWRs (Ito et al., 2015) and likely support the observed phase locking of PFC neurons to the hippocampal theta rhythm seen during movement (Hyman et al., 2005; Jones and Wilson, 2005; Siapas et al., 2005; Benchenane et al., 2010; Gordon, 2011) .
Further, while the potential influence of SWRs on PFC during waking behavior has not been examined, previous studies that focused on sleep demonstrated that increases in firing rates of some PFC neurons are seen at the time of SWRs (Wierzynski et al., 2009) . Additionally, PFC neurons can reactivate behaviorally related patterns during sleep (Euston et al., 2007; Peyrache et al., 2009) , and this reactivation can coincide with hippocampal SWRs (Peyrache et al., 2009) .
At the same time, the possibility of coordinated awake reactivation across hippocampus and PFC raises another question: how does such activity coexist with ongoing representations of current experience? During the waking state, PFC neurons are known to encode information about task events (Euston et al., 2012) , and a subset of PFC neurons are most active during delays and following receipt of reward (Jung et al., 1998) . These are times when SWRs are prominent (Singer and Frank, 2009; Buzsá ki, 2015) , and it is not clear whether or how SWR-related memory replay and these PFC representations interact.
To determine whether awake SWRs mark times of coherent memory reactivation across structures and to understand how memory reactivation interacts with ongoing PFC activity, we recorded hippocampal and PFC activity while animals learned spatial tasks. We found coordinated reactivation of activity patterns related to ongoing experience in hippocampal-PFC ensembles during awake SWRs. These findings indicate that awake SWRs are a potential substrate for memory processes.
RESULTS

Excitation and Inhibition of PFC Neurons during Awake Hippocampal SWRs
We used multisite multitetrode drives to simultaneously record the activity of neurons in hippocampus and PFC of rats learning either a W-track spatial alternation task (Jadhav et al., 2012) , or an auditory cue guided spatial task (n = 3 animals each, Figure 1 , see Experimental Procedures). In the W-track alternation task ( Figure 1A ), animals learned to visit the two outer arms of the W-maze in an alternating sequence, interleaved with visits to the center arm. All animals performed above chance by the third day of training, and performed >80% by the eighth and final day of training. In the auditory cue-guided spatial task ( Figure 1B) , animals learned to go to one outer arm of a Y-shaped track when a sound was played and to go to the other outer arm in the absence of sound. As for the W-track, correct performance meant that visits to the outer arms were interleaved with visits to the center arm. Animals performed above chance by the fourth day of training and performed >75% by the seventh day of training.
Tetrodes were targeted to the prelimbic and infralimbic regions of medial PFC and to the dorsal CA1 region of the hippocampus ( Figure 1C) . A small fraction also targeted intermediate CA1 region in animals performing the W-track task (see Experimental Procedures; see Figure S1 available online). We recorded a total of 630 CA1 neurons and 353 PFC neurons in six animals over multiple days of behavior in the two tasks. We excluded a small number of fast-spiking, narrow-waveform cells, as well as cells with fewer than 50 spikes within SWR aligned windows (see Experimental Procedures), resulting in a total of 536 CA1 and 312 PFC putative excitatory neurons (see Table S1 for distribution of cells recorded across animals).
There are distinct patterns of hippocampal activity seen during exploration, when the theta rhythm is prominent, and during awake stillness, when memory replay during SWRs occurs (Buzsá ki et al., 1983; Buzsá ki, 1989) . We therefore divided our data into two mutually exclusive sets of times based on movement speeds and power in the ripple band (150-250 Hz). See also Figure S1 and Table S1 .
trajectory on a W-track. During the traversal, sequences of place cells representing locations are active and theta oscillations are visible (Figures 2A-2C ). When the animal stops to consume reward at the end of the trajectory, a dramatic shift in network state occurs, and SWR oscillations (150-250 Hz) become prevalent (Figures 2A and 2D ). As expected (Singer and Frank, 2009) , SWRs occurred primarily at reward locations in both behavioral tasks ( Figure S2 ). Overall, 35% (109/312) of PFC neurons were significantly SWR modulated (see Table S2 for distribution of SWR-modulated cells across animals). Previous studies of PFC SWR activity during sleep reported that a large majority of modulated neurons were excited during sleep SWRs (Siapas and Wilson, 1998; Wierzynski et al., 2009 ). We were therefore surprised to see approximately equal numbers of excited and inhibited response patterns during awake SWRs (Figures 3A-3C ; SWRexcited, 57/312, 18%; SWR-inhibited, 52/312 cells, 17%). Both populations showed transient responses to SWRs, with average firing rates returning to baseline values within $300 ms of SWR onset. As similar proportions of SWR-excited and SWR-inhibited neurons were seen in the context of each of the two tasks ( Figure 3C ; Table S2), we combined data from the two tasks for the rest of the analyses, although analyses applied to the two tasks separately, and with the exclusion of intermediate CA1 cells, yielded consistent results (data not shown).
We then examined the timing of CA1 and PFC responses during SWRs. Overall, CA1 activity tended to precede PFC activity during SWRs, as in previous reports (Siapas and Wilson, 1998; Peyrache et al., 2009; Wierzynski et al., 2009) . We computed the mean normalized SWR-aligned PSTHs for CA1 (n = 429), SWR-excited (n = 57), and SWR-inhibited (n = 52) PFC neuron populations ( Figure 3D ). The time of the peak CA1 population activity preceded both the peak of the SWR-excited and the trough of the SWR-inhibited PFC population activity ( Figures 3D and 3E , mean ± SEM time of peak for CA1, SWR-excited PFC and SWRinhibited PFC cells = 54 ± 2 ms, 100 ± 9 ms, and 84 ± 10 ms, respectively; CA1 versus PFC excited, p < 10
À11
; CA1 versus PFC inhibited, p < 10 À6 ; PFC excited versus PFC inhibited, p > 0.1, rank-sum tests). Similarly, the time of SWR-modulation onset, measured as the time of firing rate increase/decrease to 1 SD above/below the mean, was also significantly later for PFC than CA1 cells ( Figure 3E , right, CA1 versus PFC excited, (legend continued on next page) p < 10 À9 ; CA1 versus PFC inhibited, p < 10 À7 ; PFC excited versus PFC inhibited, p > 0.1, rank-sum tests). Finally, we also computed, for all SWR-modulated CA1 and PFC neurons, the cross-covariance for all CA1-PFC pairs. We then separately averaged cross-covariances for pairs with an SWR-excited (n = 393 CA1-PFC pairs) or an SWR-inhibited PFC neuron (n = 320 CA1-PFC pairs). The peak (SWR-excited) or trough (SWRinhibited) of the mean cross-covariance occurred at a time >0 ms ( Figure 3F ; peak for excited cells, 13 ± 7 ms; trough for inhibited cells, 20 ± 7 ms).
SWR Modulation Is Related to Theta Phase Locking of PFC Neurons
If SWR-related activity reflects the reactivation of specific PFC neurons that were coupled to the hippocampus during exploration, SWR-modulated PFC neurons would also tend to be modulated by the hippocampal theta rhythm. We first assessed theta phase locking by using a circular distribution to fit the thetaphase-aligned PFC responses (Siapas et al., 2005) and used that fit to measure the circular concentration parameter (k) (Experimental Procedures). Similar to previous reports (Jones and Wilson, 2005; Siapas et al., 2005) , we found that 60% of PFC neurons (189 of 312, see Experimental Procedures) were significantly locked to theta. Also, as previously reported (Jones and Wilson, 2005; Siapas et al., 2005) , CA1 neurons preferred the falling phase of theta, while PFC neurons were most often phase locked to the trough of theta ( Figure 4A ). We next examined the relationship between SWR modulation and theta phase locking in the PFC population. We found that the majority of significantly SWR-modulated neurons were also significantly phase locked to hippocampal theta (Table S3 ). This included 44/57 SWR-excited neurons (77%) and 37/52 inhibited neurons (71%). There was no difference in the fraction of phase-locked cells in the excited and inhibited neuron populations (p > 0.4), but both had a higher fraction of phase-locked cells than was seen for SWR-unmodulated neurons (108/203 neurons: 53%; z proportion tests between unmodulated and SWR-excited, p < 10 À3 ; SWR-inhibited, p = 0.01).
There was a parallel difference in the consistency of the theta phases at which different populations of PFC neurons tended to fire ( Figure 4A ). The circular concentration parameter (k) for theta-modulated cells was larger in both the SWR-excited and SWR-inhibited populations, as compared to SWR-unmodulated neurons ( Figure 4B , SWR-excited, SWR-inhibited, and SWR-unmodulated k = 0.2 ± 0.02, 0.25 ± 0.04, and 0.12 ± 0.01, respectively; p < 0.01 for SWR unmodulated versus SWR-excited and SWR-inhibited; p > 0.1 for excited versus inhibited; rank-sum tests). The converse analysis also showed that PFC neurons that were significantly theta modulated (n = 189) were also significantly more strongly SWR modulated than neurons that were not theta modulated (n = 123) ( Figure 4C , SWR modulation index, 5.2 ± 0.8 and 2.5 ± 0.4 respectively; p < 0.01, rank-sum test). Thus, SWR modulation and theta phase locking are related, suggesting a link between modulation during active movement and modulation during SWRs at the single-neuron level.
Finally, we also noted a difference in the uniformity of the distributions of theta-phase coupling across neuron types. SWRexcited neurons had a significantly narrower preferred phase distribution than both SWR-inhibited and SWR-unmodulated neurons (kuiper test for circular distribution, SWR-excited versus SWR-inhibited, n = 57 versus 52 neurons, p > 0.1; SWR-excited versus SWR-unmodulated, n = 57 versus 203 neurons, p = 0.005). In contrast, SWR-inhibited and SWR-unmodulated neurons did not differ in their concentration of preferred phases (n = 52 versus 203 neurons, p > 0.1, kuiper test). Consistent with previous reports (Siapas et al., 2005; Sigurdsson et al., 2010) , we also found that all PFC cells phase locked optimally to hippocampal theta of the past (delay $15 ms), as determined by systematically shifting the time of theta (data not shown).
SWR-Excited and Inhibited PFC Neurons Comprise Distinct Functional Populations
The differences in the theta modulation of SWR-excited, SWRinhibited, and SWR-unmodulated PFC cells suggest that SWR engagement could be a marker for functionally distinct populations. To further explore that possibility, we asked if there were any differences in behavioral coding properties across populations (see Figure 5A for examples of spatial firing patterns). These analyses revealed clear distinctions between SWR-modulated and SWR-unmodulated cells as well as distinctions between SWR-excited and SWR-inhibited cells.
We first compared mean firing rates during movement as a measure of overall engagement in the task. Interestingly, both SWR-excited and SWR-inhibited cells had significantly higher mean rates than SWR-unmodulated cells ( Figure 5B ; n = 57, 52, and 203 cells, respectively, for excited, inhibited, and unmodulated cells; mean ± SEM = 4.2 ± 0.5, 3.2 ± 0.4, and 2.1 ± 0.2 Hz respectively; p < 0.01 for excited versus unmodulated and p < 10 À4 inhibited versus unmodulated, excited versus inhibited p > 0.1, rank-sum tests). SWR-excited, SWR-inhibited, and SWR-unmodulated cells also differed in patterns of spatially related firing. As previously reported (Baeg et al., 2003) , PFC neurons as a whole were active across larger fractions of the environment than their CA1 counterparts, but SWR-excited neurons had significantly higher levels of coverage than both the SWR-inhibited and the SWR-unmodulated neurons ( Figure 5C ; coverages were as follows: excited, 0.70 ± 0.05; inhibited, 0.54 ± 0.05; unmodulated, 0.50 ± 0.02; p < 0.01 excited versus inhibited, p < 10 À4 excited versus unmodulated, p > 0.1 for inhibited versus unmodulated; rank-sum tests; see also Figure S3 for other measures of spatial activity).
(E) (Left) Distribution of the time of the peak of the SWR response for the populations in (D). (Right) Distribution of the onset rise/fall time of the SWR response for the populations in (D). Both SWR-excited and SWR-inhibited PFC populations had significantly later peaks/troughs and longer time to rise compared to the CA1 population (p < 0.001, rank-sum tests).
(F) Mean standardized cross-covariance during SWRs for CA1 versus SWR-excited pairs (n = 393), and CA1 versus SWR-inhibited pairs (n = 320). Insets show area around peaks. See also Table S2 .
SWR-excited and SWR-inhibited cells showed distinct patterns of movement speed preferences as well, with SWR-excited cells showing a significantly higher firing rate-speed correlation than SWR-inhibited cells (Figures 5D and 5E ; p < 0.01 for excited versus inhibited, rank-sum test). Further, the median of SWR-inhibited cells' speed correlations was significantly less than zero, indicating that these cells tended to fire most when animals were moving slowly (shuffle test, n = 1,000, p < 0.01). In contrast, SWR-unmodulated cells showed a wider distribution of speedspiking correlations that did not differ from the excited or inhibited populations (p > 0.05). This suggests that SWR-inhibited cells were more active during periods of immobility when SWRs are prominent, as compared to high-speed movement. Indeed, we found that firing rates of SWR-inhibited cells just prior to SWRs were higher than those during high-speed movement. In contrast, SWR-excited cells showed the opposite pattern, with a preference for movement times ( Figure 5F , n = 57 versus n = 52, rank-sum test, p < 0.001). Finally, we asked whether the cells differed in their tendency to reflect an important task event, the receipt of reward. PFC SWR-inhibited cells also showed a greater tendency to increase firing rates following reward than SWR-excited cells ( Figure S3 ).
These differences also manifested as distinct patterns of cofiring within and between SWR-excited and SWR-inhibited PFC populations. We computed the cross-covariance between pairs of SWR-modulated neurons, restricted to movement times. We found a large and highly significant difference between the groups: SWR-excited cells tended to fire in close temporal proximity to other SWR-excited cells and SWR-inhibited cells tended to fire in proximity to other SWR-inhibited cells, but SWR-excited and SWR-inhibited cells tended not to fire together. This was evident when we examined both the population cross-covariance for pairs from each category ( Figure 5G , left) and the maximum zero lag cross-covariance ( Figure 5G , right, n = 42 excited-excited pairs, n = 36 inhibited-inhibited pairs, n = 73 excited-inhibited pairs, n = 369 unmodulated-unmodulated pairs; cross-covariance for excited-inhibited pairs was significantly lower than the other pair categories, p's < 0.001, rank-sum tests). Taken together, these results indicate that SWR-excited and SWR-inhibited neurons form distinct functional ensembles that are engaged preferentially during movement and stillness, respectively.
Structured Reactivation of CA1-PFC Pairs during SWRs
These findings demonstrate that awake SWRs represent a prominent mode of hippocampal-prefrontal interaction where SWRs engage functionally distinct populations in PFC. Previous studies have shown that individual SWRs frequently contain replay events where specific sets of hippocampal neurons are active (Kudrimoti et al., 1999; Foster and Wilson, 2006; Diba and Buzsá ki, 2007; Karlsson and Frank, 2009; Gupta et al., 2010; Pfeiffer and Foster, 2013) . This is also apparent in correlated firing of CA1 neuron pairs, where pairs that are significantly correlated during theta oscillations in behavior also show enhanced correlations during SWR reactivation (O'Neill et al., 2008) . If awake SWRs define a period where there is structured information flow between CA1 and PFC, we would expect that SWR-modulated PFC neurons would also be engaged Table S3. differentially depending on which hippocampal neurons are active during each SWR. As a first test of this hypothesis, we examined the structure of pairwise interactions between hippocampal and PFC neurons, using raw spike count correlations during SWRs. We measured the firing rates of hippocampal and SWR-modulated PFC neurons in a 0-200 ms window beginning at SWR onset, and then asked whether there were ''SWR-correlated'' CA1 and PFC pairs, defined as pairs of neurons where the CA1 firing rate across SWRs was significantly correlated with the associated PFC SWR firing rates.
We found that 16% of CA1-PFC neuron pairs were significantly SWR correlated (n = 116/713 CA1-PFC pairs, p < 0.05 criterion for individual pairs; the 116 pairs comprised 94 unique SWR-modulated PFC cells and 53 unique CA1 cells). This was significantly more pairs than the $5% we observed after shuffling the rates across SWRs (p < 10 À8 , Z test for proportions;
see Experimental Procedures). There were similar proportions of significantly SWR-correlated pairs for both SWR-excited and SWR-inhibited PFC neurons (18%, n = 72/393 pairs for SWR-excited PFC neurons; 14%, 44/320 pairs for SWR-inhibited PFC neurons; histograms in Figure S4 ). Interestingly, these included both positive and negative correlations with both SWR-excited and SWR-inhibited PFC populations ( Figures  6A and 6B, top) . Thus, spiking activity of neuronal pairs across CA1 and PFC during SWRs is often strongly correlated. If these patterns of positive and negative correlations reflect the reactivation of behaviorally related spiking patterns, we would expect that CA1-PFC pairs that fired together during theta periods (corresponding to active behavior) would show positive SWR correlations, while pairs that did not would show negative correlations. We therefore calculated theta-period correlations between CA1-PFC neuron pairs as the peak of the standardized Z-scored cross-covariance during movement (Figures 6A and 6B, bottom) (Siapas et al., 2005) .
This analysis revealed a significant relationship between theta cross-covariance and SWR correlations (r = 0.39, n = 713 pairs, p < 10 À4 , regression test) for both the SWR-excited and the SWR-inhibited populations ( Figure 6C ; SWR-excited neurons, r = 0.39, n = 393 pairs, p < 10 À4 ; SWR-inhibited neurons, r = 0.39, n = 320 pairs, p < 10 À4 , regression test). The SWR-excited and SWR-inhibited populations showed a similar degree of correlation (shuffle test, n = 1,000, p > 0.1). The identification of CA1-PFC pairs with strong SWR and theta correlations also allowed us to ask whether CA1 spiking tended to lead PFC spiking during behavior as it did during SWRs. We examined the subset of CA1-PFC pairs with significant and positive SWR correlations, which also tended to have high theta cross-covariances, and found that the peaks of these cross-covariances reflected an overall tendency for CA1 to lead PFC ( Figure S4 ). We next examined whether these results could be extended beyond pairwise interactions. We used a generalized linear model (GLM) with a log link function to predict SWR-related spiking of single PFC neurons from the activity of the simultaneously recorded CA1 ensembles. The GLM model confirmed the presence of functional links between CA1 and PFC ensembles ( Figure 6D) . Interestingly, the same CA1 neuron could be positively predictive of the spiking of one PFC neuron and negatively predictive of the activity of another. Conversely, a PFC neuron could be positively predicted by one CA1 neuron and negatively predicted by a different CA1 neuron. These findings demonstrate highly specific patterns of interaction across structures.
Using cross-validation to ensure that our models did not over fit the data, we found that that prediction performance was better than chance for SWR-modulated PFC cells (n = 77) and increased with the size of the CA1 ensemble ( Figure 6E , striped bars; n = 30, 20, 27 PFC cells, one-way ANOVA, main effect of cell count group, p < 10 À4 ). PFC SWR-modulated cells were better predicted than SWR-unmodulated cells, but predictions of SWR-excited and SWR-inhibited cells did not differ from one another (two-way ANOVA, modulated n = 77 versus unmodulated n = 102, p < 10 À4 ; SWR-excited n = 40; SWR-inhibited, n = 37: p = 0.29; main effect of cell count groups, p < 10
À7
). Lastly, since we found that pairwise CA1-PFC correlations during behavior were related to SWR firing rate correlations, we asked whether the spiking of PFC neurons during SWRs could be predicted using a model constructed on activity during movement rather than during SWRs ( Figure 6E , white bars). We found that theta-derived models could in many cases predict PFC SWR firing and that the accuracy of this prediction also increased with the size of the CA1 ensemble. This prediction was significantly better for SWR-modulated cells than for unmodulated cells (two-way ANOVA, SWR-modulated versus unmodulated, p = 0.02, cell count group, p < 10 À7 ). It is important to note, however, that this analysis does not demonstrate a causal directionality from movement-related experience to SWRs. Indeed, using SWR-derived models to predict theta activity also yielded above-chance predictions, although the quality of these predictions was significantly lower than when using theta-trained models to predict SWR activity (two-way ANOVA: model type X cell count interaction, p < 0.01). Finally, as expected, reversing the direction of prediction also revealed that PFC activity could significantly predict SWR-associated CA1 spiking ( Figure S4 ). Overall, these findings demonstrate that there is close coordination between CA1 and PFC activity during SWRs that is similar to activity patterns seen during movement.
Reactivation in the CA1-PFC Network Reflects Spatially Related Ensembles
The reactivation of CA1-PFC pairs during SWRs, consisting of both positive and negative correlations, is similar to that reported previously between CA1 neuronal pairs during sleep (O'Neill et al., 2008) . In that case, the pattern of CA1 pair correlations was related to the spatial overlap of the neurons' place fields. We therefore asked if the same was true for CA1-PFC correlations and looked at the relationship between spatial firing patterns of CA1 and PFC neuron pairs. While PFC neurons tend to be active across wide swaths of the environment, they nevertheless show some degree of selectivity across different trajectories (Baeg et al., 2003; Hyman et al., 2005; Jones and Wilson, 2005) ( Figure 5 ), likely as a result of task-related firing patterns that develop with experience (Jung et al., 1998; Baeg et al., 2003) . We found that the similarity between the spatial response profiles of the CA1 and PFC neurons, quantified as a spatial correlation, was related to their SWR correlation for both Figure 7C ; SWR-excited neurons, r = 0.2, n = 393 pairs, p < 10 À3 ; SWR-inhibited neurons, r = 0.36, n = 320 pairs, p < 10 À4 , regression test). Across the population, SWR-correlated pairs had significantly higher spatial correlations than SWR-uncorrelated pairs, and SWR-anticorrelated pairs had negative and significantly lower spatial correlations than SWR-uncorrelated pairs (SWR-excited, n = 72 pairs; SWR-inhibited, n = 44 pairs, p < 10 À4 , rank-sum tests). Interestingly, the relationship between spatial correlation and SWR correlation was significantly stronger for SWR-inhibited neurons than for SWR-excited neurons (shuffle test, n = 1,000, p < 0.01). This higher correlation was likely the result of the higher spatial specificity of SWR-inhibited neurons as compared to SWRexcited neurons: when we subsampled to choose SWR-excited and -inhibited neurons with matched spatial selectivity, both groups showed a similarly strong relationship between spatial and SWR-correlations ( Figure S5 ). Finally, we also examined the content of hippocampal replay events as it related to PFC spiking. Here we were limited by the small number of datasets in which both sufficient CA1 ensembles and a sufficient number of SWR-modulated PFC cells were identified. Nonetheless, analysis of this small set of replay events revealed patterns of joint activity consistent with coordinated replay across structures ( Figure S6 ).
Task-Related CA1-PFC Correlations Are Not Present in Preceding Rest Periods
These findings indicate that there is structured activity across hippocampus and PFC during behavior and during awake SWRs and raise the question of whether this is the result of behavioral experience or simply a reflection of pre-existing connections. We therefore compared CA1-PFC correlations seen during the behavioral task to those in pre-task periods in a rest box (pre-rest sessions). We focused on data from the W-track task to exclude sessions where sound was played during rest in the Y-track task, although the results were the same when we combined data from both tracks ( Figure S7 ). Comparing the SWR response correlations between CA1-PFC pairs revealed that there was no detectable relationship between awake SWR correlations and SWR correlations in pre-rest periods ( Figure 8A) . Thus, the structure of SWR correlations is specific to the behavioral experience. Similarly, we saw no relationship between pre-rest SWR correlations and either movement-related correlations ( Figure 8B ) or spatial correlations ( Figure 8C ). Moreover, GLMs trained on SWR activity in the awake state (CA1 ensemble activity predicting PFC spiking) were unable to predict PFC spiking in SWRs during pre-rest periods (shuffle test, n = 1,000, p > 0.5) and performed significantly worse than prediction of PFC spiking in SWRs during behavior ( Figure 8D ). These results indicate that the observed CA1-PFC coordination during awake SWRs is specific to task performance and is not detectable before each day's experience.
DISCUSSION
Our results establish awake SWRs as a prominent network activity pattern mediating hippocampal-PFC interactions during behavior. We found coherent reactivation of behaviorally concordant information across hippocampal-PFC networks during awake SWRs. We also show that this reactivation includes not only the expected excitation of some PFC cells but also inhibition of other PFC cells. Moreover, these SWR-excited and SWR-inhibited populations had distinct spatial and temporal firing properties, where SWR-excited cells were more active during movement, while SWR-inhibited cells were more active around the times of SWRs during stillness and following reward. Finally, we found that the coordinated firing was specific to the task epoch and was not detectable in the preceding rest period.
Awake SWRs are of particular interest because they have been causally linked to memory: interrupting awake SWRs is sufficient to impair learning and performance in a situation where animals needed to link multiple experiences across time and make decisions based on those experiences (Jadhav et al., 2012) . Examination of hippocampal activity during awake SWRs has revealed that these events can contain sequential spiking that recapitulates patterns seen during both recent (Foster and Wilson, 2006; Diba and Buzsá ki, 2007; Davidson et al., 2009 ) and more remote past experiences (Karlsson and Frank, 2009; Gupta et al., 2010) . Further, the intensity of hippocampal reactivation during awake SWRs can be predictive of whether an upcoming decision will be correct or incorrect (Singer et al., 2013) , and the content of awake replay events can be predictive of upcoming choices in certain task contexts (Pfeiffer and Foster, 2013) . While the specific role that SWR activity plays in memory retrieval and decision-making processes remains unclear, one possibility is that it contributes to deliberation by transmitting sequences corresponding to either specific past experiences (Carr et al., 2011) or possible future options to other brain areas (Yu and Frank, 2015) .
The PFC is known to play a central role in these retrieval and decision-making processes (Hasegawa, 2000; Miller and Cohen, 2001; Sakai, 2003; Wiltgen et al., 2004; Jung et al., 2008; Tse et al., 2011) , and our findings provide support for the possibility that awake SWR-related activity in the PFC supports computations related to the specific content of the corresponding SWR-related hippocampal activity (Yu and Frank, 2015) . We found that the spiking activity of a substantial fraction of PFC neurons is modulated during awake hippocampal SWRs. Further, correlations between CA1-PFC pairs during awake SWRs reflected pairwise correlations during active exploration, measured by the theta-period correlation structure as well as correlation of spatial receptive fields. Neuron pairs in the CA1-PFC network that were more correlated during (F) Firing rate modulation index (mean ± SEM) quantifying difference in pre-SWR periods (À500 to À100 ms before SWR onset) and high-speed periods (> 10 cm/ sec). Index varies between À1 and +1, with +1 indicating firing only in the pre-SWR window and À1 indicating firing only during movement (**p < 0.01, rank-sum test). (G) Standardized cross-covariance during theta periods for PFC pairs belonging to different SWR-modulation populations. (Left) Average population crosscovariances. Shaded areas are SEM. (Right) Average peak of the cross-covariance (mean ± SEM) for the populations (**p < 0.001, ***p < 10 À4 , rank-sum tests).
See also Figure S3 .
reactivation tended to represent overlapping spatial locations, whereas those that were anticorrelated or uncorrelated during reactivation represented nonoverlapping locations. At the pop- See also Figure S4 .
ulation level, we found specific patterns of simultaneous positive and negative correlations, implying that specific groups of CA1 and PFC neurons are coactive during SWRs. These patterns reflect structure seen in the theta state, since a GLM model built using thetaassociated spiking patterns was able to significantly predict activity during SWRs. Further, spiking from either CA1 or PFC could be used to predict activity in the other, indicating the presence of coherent functional ensembles across the two regions. Therefore, our findings imply very precise coordinated activity in the CA1-PFC network during SWRs, which is well suited to support memory processes. We also found a bias toward CA1 leading PFC directionality during both SWRs and theta, as in previous studies (Siapas and Wilson, 1998; Peyrache et al., 2009; Wierzynski et al., 2009; Jones and Wilson, 2005; Siapas et al., 2005; Sigurdsson et al., 2010) . This bias is consistent with recent reports that ventral hippocampal CA1 inputs to PFC are important for spatial representations and information encoding in a working memory task (Spellman et al., 2015) . At the same time, there is clear evidence of PFC influence on CA1 during behavior in the context of coding for past and future location (Ito et al., 2015) , indicating bidirectional information flow between these structures during behavior. Importantly, this information flow does not imply monosynaptic connectivity. In our case, a large majority of our hippocampal recordings were in dorsal CA1 ($88%), which has only an anatomically minor projection to PFC (Cenquizca and Swanson, 2007) . Instead, the observed coordinated reactivation likely depend on indirect connectivity and/or the interconnectivity between dorsal areas of the hippocampus and intermediate and ventral hippocampus (Witter and Amaral, 2004) , from which strong direct projections to PFC arise (Cenquizca and Swanson, 2007) .
Surprisingly, we also found that PFC reactivation involves cellspecific excitation and inhibition. This observation is consistent with a recent report showing excitatory and inhibitory responses of neurons in the VTA during hippocampal SWRs (Gomperts et al., 2015) , and taken together, these findings suggest the possibility of widespread activation and inhibition of neurons outside the hippocampus during SWRs. While we and others have hy- pothesized that awake SWR-related activity could drive the activity of specific populations of neurons in the context of memory retrieval, memory consolidation, and decision making (O'Neill et al., 2010; Carr et al., 2011; Yu and Frank, 2015) , the possibility of structured inhibition of PFC activity has not, to our knowledge, been proposed. Moreover, we found that SWR-excited and SWR-inhibited PFC populations comprised of functionally distinct groups: SWR-excited cells had more spatially diffuse firing and tended to be active at higher movement speeds, while SWR-inhibited cells had more spatially concentrated firing and tended to be active at lower movement speeds when SWRs are more common (O'Neill et al., 2006; Cheng and Frank, 2008; Karlsson and Frank, 2009; Carr et al., 2011) . SWR-inhibited cells were also more selective for reward. Further, cell pairs with one SWR-excited and one SWR-inhibited PFC neuron were rarely coactive in a 1 s window, while pairs comprising like-modulated cells were often strongly coactive during movement.
The content-specific inhibition of many PFC cells during SWRs suggests that upon the initiation of an SWR, the representation in PFC related to the current state can be suppressed and replaced with a representation of recent active behavior consistent with the representation reactivated in CA1. In agreement, SWR-inhibited PFC cells are most strongly suppressed when the spatial content of a hippocampal reactivation event is inconsistent with the movement-related activity of the PFC cell. In contrast, when the spatial content of the reactivation is behaviorally consistent, the inhibition is reduced, indicating that the cell could continue to signal strongly to downstream neurons. Thus, SWR-related inhibition of PFC is well suited to suppress ongoing PFC activity that is inconsistent with the content of the replayed information coming from the hippocampus.
Finally, our results also complement previous studies of hippocampal and cortical reactivation during sleep. Sleep SWRs have been linked to memory consolidation (Born and Wilhelm, 2012) , and reactivation during SWRs has been shown to occur within PFC during sleep (Peyrache et al., 2009 ), but whether (D) Comparison of cross-validated GLM models for prediction (mean ± SEM) of SWR-associated spiking of PFC cells using CA1 ensemble activity. Each bar represents the prediction from either task or pre-rest trained models to task or pre-rest data. Task to task (n = 38 PFC SWR-modulated cells). Task to pre-rest (n = 24 cells). Prediction was significantly worse than run-to-run performance (SWR-trained: n = 38 versus n = 24 cells, p < 10 À6 ; theta-trained, p < 10 À5 , rank-sum tests). Pre-rest to task (n = 22 cells). Prediction was significantly worse than run-to-run performance (SWR-trained, n = 38 versus n = 22 cells, p < 10 À6 ; theta-trained, p < 10 À4 , rank-sum tests). Pre-rest to pre-rest (n = 39 cells). Prediction was significantly better for both of the crossepoch predictions (SWR-trained, rank-sum tests, n = 39 versus n = 24 cells, p < 0.01; n = 39 versus n = 22 cells, p < 0.01). See also Figure S7 .
this reactivation reflects the specific content of simultaneous hippocampal reactivation events has not been examined. Similarly, reports of ''reverberation'' of prior activity across multiple structures during offline periods after behavior (Hoffman and McNaughton, 2002; Ribeiro et al., 2004) did not examine activity in the hippocampus. That said, in one study that looked for episodes of concurrent reactivation between hippocampus and visual cortex during slow-wave sleep, a small number of coherent reactivation events were seen (Ji and Wilson, 2007) . Our results show that during awake SWRs coherent reactivation is common, and that it engages both excitation and inhibition in the PFC. This establishes SWRs as a network state that is well suited to support awake memory processes, complementing the role of sleep SWRs in memory consolidation.
EXPERIMENTAL PROCEDURES
An overview of experimental procedures is presented below. See Supplemental Experimental Procedures for more details.
Animals and Experimental Overview
Six male Long Evans rats weighing 450-550 g were used in this study. All procedures were approved by the Institutional Animal Care and Use Committee at the University of California, San Francisco and conformed to National Institutes of Health guidelines (Jadhav et al., 2012) . Animals were pretrained to seek liquid food reward on a raised linear track (Jadhav et al., 2012) . Following the conclusion of the experiments, we made microlesions through each electrode tip to mark recording locations.
Behavioral Tasks
Rats (n = 3 per task) learned either a W-track or a Y-track auditory cue-guided spatial task across 8-12 days, in multiple run sessions per day with interleaving rest sessions. Data were pooled across all sessions within a day. For the W-track task (two sessions per day), rats were rewarded upon returning to the center well after visits to either side well and starting from the center well, when the opposite side well from the previous side trajectory was chosen. In the Y-track auditory-cue guided spatial task, following a reward in the home well, in $75% of trials the rats were rewarded upon arriving at the end of the ''silent arm.'' In a pseudorandom $25% of trials, 5 s after poking in the home well, a specific sound was emitted from a speaker, in which case rats were rewarded in the ''sound arm.'' Surgical Implantation and Electrophysiology Surgical implantation procedures were as previously described (Jadhav et al., 2012) . Animals were implanted with a microdrive array with 21 independently moveable tetrodes at the following coordinates: W-track, right dorsal hippocampal region CA1 (À3.6 mm AP and 2.2 mm ML), right PFC (+3.0 mm AP and 0.7 mm ML, 5 angle in one animal), and intermediate CA1 (À6.3 mm AP and 5.5 mm ML, in two animals); Y-track task, left dorsal CA1 (À3.6 mm AP and À2.2 mm ML), left PFC (+3.0 mm AP and À1 mm ML); left primary auditory cortex (À4.8 mm AP and À5.5 mm ML, 25 laterally from midline). Figure S1 shows the recording locations for all electrodes in all animals, and distribution of cells across animals is shown in Table S1 . Only data from hippocampal and prefrontal recordings are reported here. Data were collected using the NSpike data acquisition system (Karlsson and Frank, 2009; Jadhav et al., 2012 ) (L.M.F. and J. MacArthur, Harvard Instrumentation Design Laboratory). We recorded continuous local field potentials (LFP, filtered 0.5-400 Hz and sampled at 1.5 kHz) from all tetrodes. Spike data were sampled at 30 kHz and digitally filtered between 300 or 600 Hz and 6 kHz, and threshold crossing events were saved to disk (40 samples at 30 kHz). An infrared light emitting diode array with a large and a small cluster of diodes was attached to the preamps during recording. Behavior sessions were recorded with an overhead monochrome CCD camera (30 fps), and the animal's position and speed were detected online using the infrared diodes.
Data Analysis
Data analysis was performed using custom routines in Matlab (MathWorks, Natick, MA). We used nonparametric tests for statistical comparisons throughout the manuscript unless otherwise noted. All values reported are mean ± SEM unless otherwise noted.
SWR Detection and Modulation
SWRs were detected using LFPs filtered in the 150-250 Hz range on multiple CA1 tetrodes as previously described (Karlsson and Frank, 2009) . We limited our analysis to putative PFC and CA1 excitatory neurons with sufficient number of spikes. We developed an SWR-modulation metric (see Supplemental Experimental Procedures), which was based on comparing the response in the 0-200 ms window after SWR onset to shuffled data. PFC SWR-modulated neurons were categorized as SWR-excited or SWR-inhibited by comparing the rate in the 0-200 ms window after SWR onset with the rate in a pre-SWR background window À500 to À100 ms window before SWR onset. Timing and cross-covariance of the SWR-response were calculated using the SWR-aligned rasters.
Theta Phase Locking
Theta phase locking was calculated using the methods developed in previous reports (Siapas et al., 2005) . Theta oscillations were filtered in the 6-12 Hz range in the LFP downsampled to 150 Hz. We used a CA1 tetrode located in corpus callosum to measure theta phase ). Theta periods were assigned based on a speed criterion of >5 cm/s and no SWRs detected on any of the CA1 tetrodes with a 3 SD criterion.
Spatial Properties
Spatial firing properties of neurons were computed using occupancy-normalized linearized firing rates of neurons (Figures 5, S3, and 7) . Spatial coverage of neurons was defined as the fraction of area above 25% of the peak firing rate of the neuron across all four trajectories got neurons with a peak spatial firing rate >3 Hz. Spatial correlations between neurons were also calculated using the linearized firing rates.
SWR Correlations and Theta Cross-Covariance SWR correlations between pairs of CA1-PFC neurons were measured as the correlation coefficient between the magnitudes of the spiking responses of the two neurons in the 0-200 ms aligned to SWR onset. Standardized crosscovariance during theta (Figures 5 and 6 ) was calculated as in previous reports (Siapas et al., 2005) . Only theta periods that were at least 1 s long were included in the analysis.
GLM
For each SWR-modulated PFC neuron, we trained a GLM with a log link function to predict SWR-related spiking of that PFC neuron from the activity of the simultaneously recorded CA1 ensemble. To determine predictive significance, we used a cross-validation approach, training on 90% of the SWR responses and predicting the remainder.
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